Nickel ͑Ni͒ induced crystallization of amorphous silicon (a-Si) has been studied by selective deposition of Ni on a-Si thin films. The a-Si under and near the Ni-covered regions was found to be crystallized after heat treatment at 500°C from 1 to 90 h. Micro-Auger electron spectroscopy revealed that a large amount of Ni stayed in the region under the original Ni coverage, but no Ni was detected either in the crystallized region next to the Ni coverage or in the amorphous region beyond the front of the laterally crystallized Si. X-ray photoelectron spectroscopy revealed a nonuniform Ni distribution through the depth of the crystallized film under the original Ni coverage. In particular, a Ni concentration peak was found to exist at the interface of the crystallized Si and the buried oxide. It was found that a layer of 5-nm-thick Ni could effectively induce lateral crystallization of over 100 m of a-Si, but the lateral crystallization rate was found to decrease upon extended heat treatment. Transmission electron microscopy analysis showed that the crystallized film under the Ni coverage was composed of randomly oriented fine grains, while that outside the Ni coverage was mainly composed of large ͑110͒-oriented grains. A unified mechanism is proposed to explain the Ni induced crystallization of a-Si and possible reasons for the reduction in the lateral crystallization rate are discussed.
INTRODUCTION
Metal induced crystallization ͑MIC͒ of a-Si, amorphous germanium (a-Ge), or amorphous SiGe has been intensely investigated with either double layers of metal and the amorphous semiconducting material [1] [2] [3] [4] [5] or metal implanted into Si 6, 7 or Ge. 8 Studies showed that MIC could dramatically decrease the temperature necessary for the crystallization of a-Si and a-Ge. For those metals forming eutectics with Si, it is believed that the dissolution of metal atoms in the a-Si may weaken the Si bonds and enhance the nucleation and growth of crystalline Si. 3 Tan et al. 8 further suggested that the breaking of the metastable metal-Si ͑or -Ge͒ bonds facilitated the local rearrangement of atoms required for crystallization. On the other hand, for those metals forming silicides with Si, such as Ni, it has been suggested that the formation of silicides with lattice constants close to that of Si is a necessary prerequisite for MIC. 6 Though this seems to indicate epitaxial growth, the exact mechanism needs to be further clarified. Recently, selective deposition of palladium 9 or Ni 10,11 on a-Si thin films was found to induce crystallization of a-Si outside of the metal coverage. This phenomenon has been called metal induced lateral crystallization ͑MILC͒.
In this work, both MIC and MILC of a-Si using Ni have been studied using micro-Raman scattering spectroscopy, xray photoelectron spectroscopy ͑XPS͒, micro-Auger electron spectroscopy ͑AES͒, orientation image microscopy ͑OIM͒, and transmission electron microscopy ͑TEM͒. A unified mechanism is proposed to explain the Ni induced crystallization of a-Si.
EXPERIMENT
Thin 70 nm to 1 m a-Si films were deposited on oxidized Si wafers by low pressure chemical vapor deposition at 550°C. SiH 4 was used as the Si source gas at a flow rate of 70 sccm. The deposition pressure was about 300 mTorr. Ni films with thickness ranging from 5 to 10 nm were deposited in an electron beam evaporator at a rate of around 0.02-0.03 nm/s. A quartz resonator was used to monitor the deposition rate and the film thickness. The base pressure in the deposition chamber was 10 Ϫ8 Torr, but rose to 10 Ϫ7 Torr during the evaporation. The wafers were cooled to keep the temperature below 100°C during the evaporation. Prior to loading the wafers into the evaporator, the native oxide on the a-Si films was removed by dipping the wafers in dilute HF.
Samples with both blanket and patterned Ni coverage were prepared for the study. For patterned Ni samples, a lift-off process using photoresist was employed. The photoresist was first patterned to expose selected regions of the a-Si thin film before the Ni evaporation. After the Ni had been deposited, the wafers were dipped in acetone for over 10 h. Ni deposited on the photoresist was removed together with the photoresist while Ni deposited on the a-Si stayed behind. The wafers were then cut into 1ϫ1 cm 2 square samples for the subsequent heat treatment.
Heat treatment was done at 500°C in a conventional atmospheric pressure horizontal furnace for duration ranging from 1 to 90 h. During the heat treatment, N 2 was delivered at a flow rate of 5 l /min from a liquid N 2 source ͑purity above 99.99%͒ into a 6 in. diameter quartz tube. However, since the tube was not tightly sealed at the loading end, O 2 , together with the laboratory air, could diffuse into the tube and degrade the purity of N 2 in the tube. Micro-Raman scattering spectroscopy, XPS, AES, OIM, and TEM were used to characterize the samples. A Renishaw 3000 micro-Raman system was used at room temperature with the 514.5 nm line from an Ar ion laser. The backscattered light was collected and focused onto a single grating polychrometer. The dispersed light was detected by a Peltier cooled 576ϫ384 pixel charge coupled device ͑CCD͒. The overall resolution was about 2 cm Ϫ1 . The XPS and AES measurements were carried out in a Perkin Elmer Model PHI 5600 surface analysis system. Ar ions with energy of 4 keV were used for sputtering during depth profiling. The sputter rate was calibrated to be 2 nm/min for thermal silicon dioxide.
RESULTS
The Raman spectra of the samples heat treated with or without a 10 nm Ni cap are shown in Fig. 1 . The a-Si films were 1 m thick and heat treated for 1 h at 500°C. The spectrum of the sample without the Ni cap shows a broad structure near 480 cm
Ϫ1
, with a full width at half maximum ͑FWHM͒ of 60 cm
. This is a broad transverse optical spectrum typically associated with a-Si. The spectrum of the sample with the Ni cap has a peak centered at 520 cm Ϫ1 with FWHM of 8.6 cm
. The FWHM is larger than the 4.5 cm Ϫ1 obtained for single crystal silicon, indicating the film is polycrystalline. However, the absence of a broad peak centered at 480 cm Ϫ1 is apparent, indicating MIC has occurred and the entire film has been crystallized after the heat treatment.
XPS depth profiling was performed on thinner a-Si films to further investigate the characteristics of the MIC region. The concentration variations of selected elements across the thickness of a 100 nm a-Si film originally capped by 10 nm of Ni are plotted in Fig. 2 . The oxygen profile shows a concentration above 40% on the surface, indicating Ni on the surface was partly oxidized. The Ni concentration profile in the crystallized Si film first decreased with Ar sputtering, then stabilized to about 4% in the bulk of the film before finally increasing to about 10% near the interface ͑indicated by the sharp rise in the XPS oxygen signal͒ of the film and the buried oxide. Si was not detected on the surface before the Ar sputtering, indicating the diffusion of Si in Ni and NiO x was slow at the heat treatment temperature of 500°C.
The changes in the Ni (2 p3 MILC has been studied using samples with 5 nm of Ni patterned on 70 nm Si thin films. The optical micrograph of a sample heat treated for 16 h at 500°C is displayed in Fig.  4 . Three distinct regions are visible: that with the darkest contrast ͑area 1͒ was originally covered by Ni. This is surrounded by a region ͑area 2͒ with the brightest contrast, which is in turn embedded in a gray region labeled area 3.
Typical Raman spectra obtained in areas 1, 2, and 3 are presented in Fig. 5 . The broad structure near 480 cm Ϫ1 in the spectrum obtained in area 3 indicates the film remained amorphous. Instead of the broad structure, sharp peaks near 520 cm Ϫ1 were detected in the spectra obtained in areas 1 and 2, indicating the a-Si in these two regions has been crystallized. This provides direct evidence that MIC and MILC have occurred in areas 1 and 2, respectively. The FWHM of the Raman peak obtained in area 2 is about 7.8 TEM and transmission electron diffraction ͑TED͒ micrographs taken near the edge of Ni coverage are shown in Fig.  6 . Consistent with the Raman results, the dark-field TEM micrograph in Fig. 6͑a͒ shows that the polycrystalline film in the MIC area under the Ni coverage is composed of small grains, while the MILC area outside the Ni coverage is composed of significantly larger grains. The TED micrograph in Fig. 6͑b͒ taken in the MIC area indicates a nearly random distribution of grain orientations, while that in Fig. 6͑c͒ taken   FIG. 3 . The variations of the XPS spectra of ͑a͒ Ni(2 p3), ͑b͒ Si(2 p3), and ͑c͒ O(1s) with sputter time. in the MILC area indicates the large grains are primarily ͑110͒ oriented.
The gray scale contrast observed in Fig. 4 is probably caused by the different optical coefficients of Ni/NiO x ͑area 1͒, poly-Si ͑area 2͒, and a-Si ͑area 3͒. It is worth noting that the MILC length along the length of the Ni covered lines is similar to that near the end of the Ni line.
The AES spectra obtained in areas 1 ͑trace a͒, 2 ͑trace b͒, and 3 ͑trace c͒ are presented in Fig. 7 . The spectra were taken after Ar sputtering of the top surface to remove adsorbed contaminants. Ni signal is significant in area 1, thus indicating a large amount of Ni still remains in the area with the original Ni coverage. The atomic concentrations can be estimated to be 4.64%, 11.63%, and 83.73% for O, Ni, and Si, respectively. Regardless of whether AES was performed before or after the Ar sputtering, no Ni signal was detected either in the MILC region ͑area 2͒ or in the amorphous region ͑area 3͒, as indicated by the corresponding AES spectra in Fig. 7 . Oxygen is detected in both the MILC region and the a-Si region even after the Ar sputtering, probably resulting from unintended oxidation during the heat treatment.
After 7 h of heat treatment, it is evident from the OIM micrograph in Fig. 8͑a͒ that the entire area between the Ni covered square islands has been crystallized, with two smooth but wavy crystallization fronts enveloping the islands. The MILC length (L a ) midway along the edge of an island is significantly longer than that (L b ) midway between the islands. After 21 h of heat treatment, the MILC front straightened out, as shown in the OIM micrograph in Fig.  8͑b͒ .
The MILC length perpendicular to the long edge of a Ni covered line is plotted as a function of the heat treatment AES spectra obtained ͑a͒ in the MIC region ͑area 1͒, ͑b͒ in the MILC region ͑area 2͒, and ͑c͒ in the amorphous Si region ͑area 3͒ of a sample with 100 nm amorphous silicon film and 5-nm-thick Ni, after 16 h of heat treatment. The spectra were taken after removing the top surface by a 2 min Ar ion sputtering. time in Fig. 9 . The measurement was carried out using an optical microscope with a resolution better than 1 m. The MILC rate as a function of the heat treatment time has been estimated and plotted in Fig. 10 . It can be seen that the MILC rate for the 1-m-thick a-Si sample is slightly higher than those for the other three series of samples with thinner a-Si films. The rate seems to stabilize at 1.7 m/h for the 1-m-thick sample between 3 and 20 h of heat treatment. However, the rate clearly decreased upon extended heat treatment for all the samples.
MECHANISM OF MIC AND MILC
The most striking feature resulting from MIC is the appearance of a Ni peak at the bottom of the crystallized film ͑Fig. 2͒. Hong et al. 12 observed a similar ''inversion''of Ni and Si after silicide induced secondary grain growth of polysilicon. However, they did not suggest any mechanism that could possibly explain the ''long range'' transport of Ni through the entire thickness of the film. This gap in the understanding can be bridged using the observations of Hayzelden et al. 13 They proposed that ''nodules''of NiSi 2 in an a-Si host first initiated crystallization of Si on some faces of the nodules. Using in situ TEM, they observed decomposition of NiSi 2 at the interface between the crystallized Si and the NiSi 2 nodule and the formation of new NiSi 2 at the interface between the nodule and the a-Si. This transportation of Ni through the nodules resulted in the movement of the nodules away from the crystallized regions of Si. Combining the observations of Hong and Hayzelden, we propose that Ni induced MIC of a-Si occurs via a three-step process: silicide formation, breakup of the silicide layer into small nodules, and transport of the silicide nodules through the a-Si film.
At the early stage of the MIC heat treatment, Ni readily reacts with the a-Si 1 and converts itself into NiSi 2 . Nucleation and growth of small grains of Si crystal than take place randomly along the interface between the NiSi 2 and the underlying a-Si. It would not be surprising that the nucleation was aided by the small lattice mismatch between NiSi 2 and crystalline Si. Further growth of the crystalline grains eventually leads to the puncturing and break up of the NiSi 2 layer. For Ni, Hong 12 reported a low temperature of 500°C when the plastic deformation accompanying film puncturing oc- curred. Subsequent to the break up, small nodules of NiSi 2 move away from the crystallized top region of the a-Si film. Hayzelden 13 observed that nodules with different sizes moved at different speeds, with thinner ones generally moving faster. In the case of MIC, the fastest moving nodules will be found at the crystallization front, which is the interface between the crystallized Si and the a-Si. The slower moving nodules will be trapped inside the crystallized region, giving rise to the weak Ni XPS signal detected in the bulk of the film. Once the crystallization front reaches the bottom buried oxide, all remaining moving nodules are stopped, thus contributing to the small peak of Ni XPS signal at the bottom interface of the crystallized silicon thin film in Fig. 2 .
Based on the proposed model for MIC, MILC can be easily explained. At the edges of a Ni covered region, a certain number of the break-away NiSi 2 nodules will move laterally into the a-Si region not originally covered by Ni. As the nodules move laterally, any a-Si along the path of the moving nodules will be crystallized. Because the film is thin, crystallization occurs rapidly and any slow moving nodules will be quickly trapped within a short distance from the edges of the Ni covered region, leaving only the fast moving nodules at the MILC crystallization front. This explains why when using TEM, the MILC region was observed to be essentially nodule ͑hence Ni͒ free, possibly with only a small number of NiSi 2 grains at the crystallization front. 10 Our micro-Auger analysis ͑spectrum ''b'' in Fig. 7͒ also indicated the MILC region is essentially Ni free. Further evidence of the similarity between MIC and MILC is their comparable rates. The MILC rate of 1.6 m/h 10,11 at 500°C is only slightly smaller than the MIC rate of 1.8 m/h ͑0.5 nm/s͒, 13 obtained at a slightly higher temperature of 507°C.
MILC UPON EXTENDED ANNEALING
The wavy front in Fig. 8͑a͒ can be approximated as the superposition of a sequence of smaller ''circular'' crystallization fronts. These smaller fronts, approximately concentric with the Ni covered square islands, resulted from the two dimensional random isotropic movement of the microscopic NiSi 2 nodules in the a-Si medium surrounding islands. After a further 14 h of heat treatment, when the radii of the ''circles'' became sufficiently large, the front of each circle flattens out and the waviness disappeared, as shown in Fig.  8͑b͒ .
The MILC length as a function of heat treatment time as shown in Fig. 9 clearly shows that the rate of increase of the length slowed down upon extended heat treatment. This trend is obvious from the dependence of the estimated MILC rate on the heat treatment time, as plotted in Fig. 10 . A number of factors could be responsible for the reduction in the MILC rate. Since it is known that oxygen contamination could degrade Ni diffusion and its reaction with Si, 14 one possibility is that the residual oxygen in the furnace slowly oxidized the a-Si not yet crystallized, thus giving rise to gradually decreasing crystallization rate. But this possibility is eliminated when it is observed that a similar reduction in the MILC rate is present in samples covered by low temperature deposited oxide during the extended heat treatment. Another possibility is that the MILC rate itself would decrease upon extended heat treatment.
Using in situ TEM, Hayzelden et al. 13 observed an increase in the MIC rate with decreasing size of the NiSi 2 nodules and explained the phenomenon in terms of the higher Ni diffusion fluxes through thinner nodules. The projected MIC rate at zero thickness would be infinitely fast. However, this cannot be true in reality since there is no crystallization in the absence of NiSi 2 so that the MIC rate must be zero when the thickness is exactly zero. Thus, if the thickness of the nodules are not stable and continue to decrease during the heat treatment, the MILC rate should increase at the beginning, reaches a maximum at a certain critical nodule thickness and subsequently decreases.
Based on Hayzelden's model, which does not impose any restriction on the direction of the Ni diffusion flux as long as it goes from a crystalline interface to an amorphous interface, it is not difficult to understand why the nodules would change shape, becoming thinner along the direction of crystallization and stretching out in the corresponding perpendicular direction. This situation is schematically illustrated in Fig. 11 .
SUMMARY
Ni induced crystallization of a-Si was studied using micro-Raman, XPS, AES, TEM, and TED analyses. Results show that during MIC, Ni redistributed in the Si film and piled up at the buried interface of the Si film and the oxide substrate. Ni inside the crystallized Si exists in a silicidelike form. A 5-nm-thick patterned Ni can effectively induce crystallization and lateral crystallization of a-Si. AES detected no Ni in the MILC region. A unified mechanism is proposed for MIC and MILC and possible reasons for the reduction in the MILC rate during the extended heat treatment are discussed. 
